Nucleic acid vaccines
=====================

The application of new technologies to identify protective antigens, to optimally present antigens to the immune system, and to manufacture vaccines using highly characterized, synthetic methods of production has greatly facilitated the discovery and development of new and improved vaccines.[@b1-ijn-9-1833] Genetic vaccines involve direct immunization with RNA or DNA encoding the antigen(s) of interest and have as one of their main advantages the simplicity and purity with which they can be produced.[@b2-ijn-9-1833] The use of nucleic acid-based vaccines to combine the benefits of in situ expression of antigens with the safety of inactivated and subunit vaccines has been a key advancement. Upon their discovery more than 20 years ago, nucleic acid vaccines promised to be a safe and effective means to mimic immunization with a live organism vaccine, particularly for induction of T-cell immunity.[@b3-ijn-9-1833] Gene-based vaccines are under development for a broad variety of applications, ranging from vaccines to immunotherapies for infectious diseases, cancer, autoimmune diseases, and allergy. Nucleic acid vaccines have significant advantages over conventional vaccines,[@b4-ijn-9-1833] including: safety, since living organisms and potent adjuvants are not required; effectiveness, since after immunization they express antigens in situ, mimicking a true infection; induction of both B and T-cell responses (including cytotoxic T lymphocytes); specificity, since they induce the immune response only to the antigen of interest; and relatively low production cost, high stability, ease of manipulation, and the possibility of expressing complex antigens such as transmembrane proteins.[@b5-ijn-9-1833]

DNA vaccines are bacterial plasmids constructed to express an encoded protein following in vivo administration and subsequent transfection of cells.[@b6-ijn-9-1833] Initially, these plasmids were thought to function simply as a shuttle system for the gene, resulting in the in situ production of antigen (for vaccines) or therapeutic protein (for gene therapy applications). Since the initial demonstration that such a plasmid encoding a viral protein could result in both cellular and antibody immunity, as well as protection from viral challenge (including cross-strain challenge by a strain of virus quite different from the strain from which the gene was cloned), the technology has been used for wide-ranging applications, from a laboratory tool to licensed veterinary vaccines, and is under development for a variety of human biomedical applications.

Besides DNA, the naturally transient and cytosolically active messenger RNA (mRNA) molecules are seen as a possibly safer and more potent alternative to DNA for gene vaccination. Optimized mRNA was demonstrated to be a potent gene vaccination vehicle when delivered naked, in liposomes, or coated on particles. mRNA can also be utilized for transfecting dendritic cells ex vivo, which are then transferred back to the patient or directly administered in vivo. For instance, in a Phase I clinical trial, it was shown that tumor-associated antigen-mRNA-electroporated mature dendritic cells are capable of inducing tumor-associated antigen-T-cell responses in multiple myeloma patients after stem cell transplantation. Moreover, vaccination was well tolerated with limited toxicity.[@b7-ijn-9-1833]

The proof of concept of the utility of RNA in vaccination was demonstrated when intramuscular injection of mRNA in mice resulted in local production of an encoded protein[@b8-ijn-9-1833] and induction of immune responses against an encoded antigen.[@b9-ijn-9-1833] A large body of nonclinical data and a considerable number of clinical studies have demonstrated the excellent safety profile of mRNA-based immunotherapeutic strategies, mainly in tumor vaccination.[@b10-ijn-9-1833] Moreover, induction of target-specific immune responses has been established in vaccinated patients, albeit at weak levels in most cases.

The use of RNA in vaccination has been studied mainly with mRNA or nonamplifying RNA, and to a lesser extent, with self-amplifying RNA generated with modified RNA from virus. Moreover, RNA interference (RNAi) has also been studied as a possible strategy in vaccination. RNAi is a natural process based on complementarity between RNA and its target mRNA to cause destruction of the target.[@b11-ijn-9-1833] In a previous study, RNAi-mediated chemokine receptor 5 (CCR5) silencing prevented human immunodeficiency virus (HIV) infection in BLT mice and, therefore, it may be useful as anti-HIV prophylaxis.[@b12-ijn-9-1833] The blockage of negative regulatory molecules on dendritic cells with RNAi has also been studied to prevent and treat chronic virus infections.[@b13-ijn-9-1833] One of the highly potential applications for the clinical use of RNAi is cancer vaccination; the suppression of gene expression (for instance, certain cytokines) in dendritic cells has been shown to enhance their immunostimulatory capacity and to result in an enhanced antitumor response.[@b14-ijn-9-1833]

Gene targets for vaccination with RNA include reporter genes,[@b15-ijn-9-1833] tumor antigens,[@b16-ijn-9-1833] viral antigens,[@b17-ijn-9-1833] and allergens.[@b18-ijn-9-1833] [Table 1](#t1-ijn-9-1833){ref-type="table"} presents several diseases that can potentially be treated with RNA vaccines. Regardless of the encoded antigen, viruses with an RNA genome are able to induce the innate immune response of the host.[@b19-ijn-9-1833] This means that certain RNA molecules may cause a strong innate response that leads to induction of a broad and efficient adaptative immune response.[@b20-ijn-9-1833] For instance, double-stranded RNA, normally not present in cells but synthesized during viral replication, is recognized by host cells as a signal to mount a strong immune response.[@b21-ijn-9-1833] It has been shown that induction of antigen-specific immunity can be achieved by administering RNA vaccines through several routes, ie, intravenous, intradermal, subcutaneous, intranodal, and intrasplenic.[@b1-ijn-9-1833] Additionally, mRNA has also been used via intradermal application to induce its uptake by Langerhans cells and dermal dendritic cells for further transport to the lymph node.

Although attention has been mainly focused on plasmid-based DNA vaccines, use of RNA also has advantages.[@b5-ijn-9-1833] First, the theoretical risk of vector integration into the host genome and subsequent malignant cell transformation is omitted. Second, due to the relatively short half-life of the RNA molecule, its expression is transient and, therefore, exposure to the antigen is more controlled. Consequently, the risk when using tumor-associated antigen genes such as proto-oncogenes for immunization decreases. Moreover, this transient expression minimizes the risk of induction of tolerance.[@b17-ijn-9-1833] Third, RNA must be released into the cytoplasm to be transcribed into the protein, rendering its application much safer.[@b22-ijn-9-1833] However, DNA must be delivered into the nucleus for transcription into mRNA, which is transported back to the cytoplasm to be translated; therefore, DNA must cross the nuclear membrane, a limiting step that is avoided with RNA. Several studies have shown that microinjections of plasmid DNA into the cytoplasm of nondividing cells resulted in very low levels of gene expression, but direct intranuclear injection of the same number of plasmid DNA copies led to efficient transfection.[@b23-ijn-9-1833] Therefore, an additional advantage of RNA-based vaccines is the possibility to transfect slow or nondividing cells, the nuclear membrane of which is much more difficult to cross than rapidly dividing cells.[@b24-ijn-9-1833]

RNA can be produced by a cell-free enzymatic transcription reaction, thus avoiding the use of micro-organisms or cultured cells in manufacturing, with associated quality and safety issues. This method enables simple downstream purification and very rapid and cost-effective manufacturing.[@b25-ijn-9-1833] Lyophilization studies have shown that RNA vaccines are not less stable than conventional vaccines that require a cold chain to be effective.[@b26-ijn-9-1833] Therefore, mRNA can be produced in large amounts and with good manufacturing practice quality, thus allowing further development of mRNA-based therapies.

In Europe, all mRNA-based therapies fall under the scope of the regulation for advanced therapy medicinal products.[@b27-ijn-9-1833],[@b28-ijn-9-1833] According to the European regulation,[@b28-ijn-9-1833] a "gene therapy medicinal product is an active substance which contains or consists of a recombinant nucleic acid used in or administered to human beings"; therefore, mRNA is categorized as gene therapy. In contrast, in the USA, mRNA-based vaccination therapies are not considered as gene therapy since they do not imply the same risks as they are not capable of integrating into the genome.[@b10-ijn-9-1833] This means that, at least in the USA, clinical translation of mRNA-based medicinal products is simpler and faster than that of DNA-based therapies.

In spite of the advantages of RNA vaccines in comparison with those that are DNA-based, few studies have explored approaches to increase the delivery and effectiveness of mRNA vaccines in vivo. As a result, knowledge concerning the potency of nonviral delivery of mRNA vaccines is scarce and data describing their immunological properties are largely lacking.[@b17-ijn-9-1833] Clinical experience with RNA vaccines is limited. There are some experiences in Phase I/II clinical vaccination trials with mRNA that codes for tumor antigens;[@b29-ijn-9-1833],[@b30-ijn-9-1833] these studies have shown that the treatment is feasible and safe, although the clinical effectiveness for antitumor immunotherapy must be evaluated in further trials.

Self-amplifying RNA vaccines
============================

Self-replicating RNA vectors (termed RNA replicons) have been developed based on advancements in the molecular virology of single-stranded RNA viruses. They are a form of a nucleic acid-based vaccine derived from either positive-strand or negative-strand RNA viruses. The gene sequences encoding structural proteins in these RNA viruses are replaced by mRNA encoding antigens of interest as well as by the RNA polymerase for RNA replicon replication and transcription.[@b31-ijn-9-1833] The foreign genes inserted in place of the structural protein gene region, when introduced into cells, will replicate and express the heterologous genes, inducing synthesis of large amounts of the foreign gene product within the cell, reaching levels of 15%--20% of total cell protein.[@b32-ijn-9-1833] Self-amplifying RNA can be regarded as "disabled" virus vectors that are capable of amplifying within the cytoplasm of host cells for a prolonged period but are unable to produce infectious progeny.[@b33-ijn-9-1833] They may be potentially more potent than mRNA vaccines. [Figure 1](#f1-ijn-9-1833){ref-type="fig"} shows a schematic representation of a self-amplifying RNA. As RNA replicons encode gene sequences of structural proteins and an RNA transcript form, their size is larger than that of conventional nonamplifying mRNA.[@b4-ijn-9-1833]

For vaccine application, the genes encoding the structural proteins are replaced by the antigen or antigens of interest. Their production under special conditions (eg, packaging cell lines) leads to formation of single-round infectious particles carrying RNAs encoding the antigens.[@b34-ijn-9-1833] In this way, transient high levels of antigen production can be achieved without the use of a "live" spreading viral infection.

The most studied RNA molecules of this class are derived from alphavirus,[@b4-ijn-9-1833] such as Sindbis, Semliki Forest, and Venezuelan equine encephalitis viruses, and from flaviviruses[@b35-ijn-9-1833] (for instance, Kunjin virus and Yellow Fever virus). A major distinction between the alphavirus and flavivirus replicons is their cytopathic nature; alphavirus replicons are generally cytopathic and flavivirus replicons are generally noncytopathic, although whether cytopathicity is an advantage or disadvantage still remains unclear. In a previous study,[@b35-ijn-9-1833] Semliki Forest virus (alphavirus) and Kunjin virus (flavivirus), when delivered as naked RNAs, elicited comparable CD8+ T-cell responses, but the Semliki Forest virus vectors elicited greater humoral responses to an encoded cytoplasmic antigen, ß-galactosidase. Studies in major histocompatibility complex class II-deficient mice revealed that neither vector could overcome the dependence of CD4+ T-cell help in development of humoral and cellular responses following immunization. These studies indicate that the distinct biology of the two replicon systems may differentially impact the adaptive immune response, and this may need to be considered when designing vaccination strategies. Therefore, replicons derived from different RNA viruses differ with regard to levels and duration of heterologous gene expression, allowing generation of a versatile toolbox for vaccine or gene therapy applications.[@b36-ijn-9-1833]

As mRNA, RNA replicons are effective at eliciting antigen-specific humoral and cellular immune responses in animal models of infectious and noninfectious diseases.[@b4-ijn-9-1833] Like DNA vaccines and viral vectors, the RNA vaccine candidate induces both CD4+ and CD8+ T-cell responses, as transfection of host cells can facilitate antigen presentation by major histocompatibility complex molecules and priming of naive T lymphocytes. Self-amplifying RNA vaccines have been successfully assayed with many different antigens as vaccine candidates, and have been shown to be potent in several animal species, including mice,[@b5-ijn-9-1833] nonhuman primates,[@b37-ijn-9-1833] and humans.[@b38-ijn-9-1833] In a Phase I trial of an alphavirus replicon vaccine for cytomegalovirus in cytomegalovirus-seronegative adult volunteers, the vaccine was safe and induced neutralizing antibody and multifunctional T-cell responses against three cytomegalovirus antigens that are important targets for protective immunity.[@b38-ijn-9-1833] To the best of our knowledge, this has been the only clinical trial of self-amplifying mRNA for vaccination.

Although the possibility of an infection is eliminated because of removal of the genes encoding structural proteins, more research on the potential for induction of a harmful infection is needed. On the other hand, this kind of vaccine is more complex than nonamplifying mRNA vaccines, and their greater size and complexity make it difficult to design an efficient delivery system.

Delivery systems for self-amplifying RNA
========================================

A key challenge in realizing the broad potential of RNA-based therapeutics is finding safe and effective delivery methods. Unmodified RNA is unstable in the bloodstream, can be immunogenic, and does not readily cross membranes to enter cells. Therefore, chemical modifications and/or delivery material are required to bring RNA to its site of action without adverse effects.[@b39-ijn-9-1833] In some applications, effective delivery of naked RNAs, without a carrier, may be possible.[@b40-ijn-9-1833] However, systemic delivery to many tissues, including the liver, requires a vehicle to provide protection and to transport the RNA to the cells of interest. Therefore, the most important, and most difficult challenge in therapy using nucleic acids, including self-amplifying RNA vaccines, is the issue of delivery.[@b41-ijn-9-1833] Lately, there has been an important development of nonviral delivery systems for RNAi,[@b39-ijn-9-1833] but the experience with mRNA or self-amplifying RNA is very limited. However, most of the systems studied for delivery of the former can be applied to the latter.

Ideally, an RNA nanocarrier should provide protection from blood nucleases and extended blood circulation, which ultimately would increase the possibility of reaching the target tissue.[@b42-ijn-9-1833] The delivery system containing the RNA must then be internalized by the target cell and, upon receptor-mediated endocytosis, must be able to escape from the endosomal compartment into the cell cytoplasm where the RNA machinery is located, while avoiding degradation by lysosomal enzymes.[@b43-ijn-9-1833] Further, delivery systems for the systemic administration of RNA ought to be well tolerated upon administration. They should be safe, enabling the multiadministration treatment modalities required for improved clinical outcomes.[@b44-ijn-9-1833] From a manufacturing point of view, production of large batches with reproducible specifications is also desirable. A broad diversity of materials is under exploration to address the challenges of in vivo delivery, including viral and nonviral vectors. Although viral vectors have been extensively studied for delivery of nucleic acids, safety (immunogenicity and oncogenicity) concerns limit their clinical application. Nonviral vectors include inorganic particles, polymeric-based, cationic lipid-based, and peptide-based vectors, and physical methods such as electroporation, sonoporation, and magnetofection.[@b41-ijn-9-1833] Despite the delivery success achieved by some of these carriers, advances are necessary to allow the fullest application of RNA at the clinical level.

Self-amplifying RNA vaccines have been delivered mainly as naked RNA or with viral vectors. The practical utility of viral vectors, however, is limited by manufacturing considerations, cost-effectiveness, and potential adverse health effects.[@b45-ijn-9-1833] Very limited data have been published on nonviral delivery of RNA replicons, although it is a highly attractive approach. Moreover, and as mentioned in the section "Self-amplifying RNA vaccines", RNA replicons usually have very large sizes (≈9 kb) compared with mRNA (≈2 kb), which adds an additional challenge to the development of drug delivery vehicles.

Lipid-based formulations as vehicles for self-amplifying RNA
============================================================

Lipid-based formulations have been increasingly recognized as one of the most promising delivery systems for RNA due to their biocompatibility and their ease of large-scale production.[@b45-ijn-9-1833],[@b46-ijn-9-1833] Cationic lipids have been widely studied as synthetic materials for delivery of RNA. After mixing together, nucleic acids are condensed by cationic lipids to form lipid/nucleic acid complexes known as lipoplexes. These lipid complexes are able to protect genetic material from the action of nucleases and deliver it into cells by interacting with the negatively charged cell membrane.[@b47-ijn-9-1833] Many research groups focus their work on the design of new cationic lipids as candidates for gene delivery,[@b48-ijn-9-1833] and some of them have been assayed in clinical trials.[@b49-ijn-9-1833] Lipoplexes can be prepared by directly mixing positively charged lipids at physiological pH with negatively charged nucleic acids, so their preparation is simple. More complex lipid-based formulations including liposomes, nanoemulsions, and solid lipid nanoparticles, have also been studied in depth for nucleic acid delivery.[@b47-ijn-9-1833]

To deliver RNA efficiently, several limiting steps must be overcome, including dissociation from the nanocarrier, cellular uptake, endosomal escape, and appropriate intracellular disassembly.[@b50-ijn-9-1833] The relationship between the physicochemical properties of the nanocarrier (particle size, RNA entrapment, acid dissociation constant) and biological barriers (for instance, cellular uptake), and that between biological barriers and RNA activity remain unclear.[@b51-ijn-9-1833] This lack of clarity is one of the reasons for poor in vitro--in vivo translation. This type of analysis aids in the identification of meaningful structure--function activity relationships, improves the in vitro screening process before in vivo use, and facilitates the future design of potent nanocarriers. In spite of that, significant progress has been made toward developing lipid-based systems for nucleic acids, such as immunostimulatory oligonucleotides, plasmid DNA containing therapeutic genes, and antisense oligonucleotides and RNA.[@b41-ijn-9-1833]--[@b43-ijn-9-1833]

Cationic lipids used in vitro and in vivo to prepare lipid-based formulations to deliver nucleic acids may have toxic effects, although there is little to no effect on organ function or tissue architecture if they are used at relatively low doses. However, acute inflammation and tissue damage may occur at higher doses.[@b52-ijn-9-1833] The toxic effect is due mainly to the cationic nature of the vector, although the biodegradability of the compound is also important.[@b47-ijn-9-1833] Upon intravenous administration, positively charged nanoparticles interact with negatively charged serum proteins, forming aggregates that accumulate mainly in the lungs, liver, and spleen. Moreover, lipoplexes often induce pulmonary toxicity associated with complement activation and inflammation.[@b42-ijn-9-1833] Therefore, formulations for RNA delivery must have adequate properties to minimize these effects.

Despite tremendous efforts to develop lipid-based formulations for drug delivery, only a few formulations are approved for clinical use, and none of them has included nucleic acids. Efforts must be focused primarily on two areas:[@b53-ijn-9-1833] 1) technical aspects, such as manufacturing strategies, development of techniques for reproducible formulations, large-scale production, and conjugation of targeting molecules; and 2) novel concepts and approaches to accomplish on-demand release of active molecules from the lipid nanocarrier (based on the unique properties of the assembly components of lipid-based nanocarriers). Additionally, the delivery systems should be low-cost and accessible. Another factor that limits clinical application is the lack of well defined mandatory preclinical investigations for RNA-based approaches.

Liposomes
---------

Liposomes are colloidal lipid-based and surfactant-based delivery systems composed of a phospholipid bilayer surrounding an aqueous compartment. They may present as spherical vesicles and can range in size from 20 nm to a few microns. Cationic lipid-based liposomes are able to complex with negatively charged nucleic acids via electrostatic interactions, resulting in complexes that offer biocompatibility, low toxicity, and the possibility of the large-scale production required for in vivo clinical applications.[@b54-ijn-9-1833] The lipid to RNA ratio, and overall lipid concentration used in forming these complexes, are very important for efficient gene delivery and vary depending on applications. Liposomes can fuse with the plasma membrane for uptake; once inside the cell, the liposomes are processed via the endocytic pathway and the genetic material is then released from the endosome/carrier into the cytoplasm. Compared with polymeric nanoparticles, liposomes have long been perceived as better drug delivery vehicles because of their superior biocompatibility, given that liposomes are basically analogs of biological membranes, and can be prepared from both natural and synthetic phospholipids.[@b54-ijn-9-1833]

Several studies have shown the usefulness of liposomes in delivery of mRNA for vaccination. For instance, liposomes containing mRNA encoding the influenza virus nucleoprotein induced anti-influenza cytotoxic T lymphocytes, which were identical to those obtained in vivo with infectious virus in terms of specificity, lysing both peptide-sensitized and virus-infected targets.[@b9-ijn-9-1833] Intravenous delivery of mRNA encapsulated into liposomes has been shown to be the most efficient route of vaccination, although intradermal and eventually subcutaneous injections could also induce immunity.[@b22-ijn-9-1833]

In a recent study, a liposomal formulation loaded with mRNA encoding tumor-associated antigens induced a dendritic cell-mediated antitumor response in vivo and a 3--5-fold decrease in the number of lung metastases when compared with a control group. These pulsed dendritic cells caused a slight proinflammatory response in mice which was balanced by a positive effect of the dendritic cell-induced antitumor cytokine response.[@b55-ijn-9-1833]

Liposomes can be combined with polymers to form lipopolyplexes, which are also useful for vaccination with nucleic acids. In a recent study, mice receiving systemic injections of a new tumor antigen mRNA (MART1) formulated in a polyethylene glycol (PEG)ylated derivative of histidylated polylysine and L-histidine-(N,N-di-n-hexadecylamine) ethylamide liposomes were specifically and significantly protected against melanoma tumor progression.[@b56-ijn-9-1833]

Although many studies using liposomes for gene therapy have been published, it was not until recently that Geall et al[@b57-ijn-9-1833] confirmed the delivery of self-amplifying RNA via liposomes. In a model of respiratory syncytial virus infection, the authors showed that a self-amplifying RNA vaccine formulated in liposomes potently induced neutralizing antibodies in cotton rats, as well as antigen-specific interferon-γ-producing CD4+ and CD8+ T-cells in mice. These responses were comparable with or exceeded those elicited by RNA delivered via viral particles or electroporation of plasmid DNA and provided protection against subsequent respiratory syncytial virus infection.

Even though cationic lipid-based liposomes have shown good gene transfection ability and biocompatibility in vitro, and although a few therapeutic clinical trials are underway, the clinical applications of liposomes have been limited because of in vivo instability.[@b58-ijn-9-1833] It has been reported that intravenously injected liposome/DNA complexes form large aggregates with blood components and that these aggregates become entrapped in the lung capillary bed.[@b59-ijn-9-1833] Therefore, cationic lipid-based liposomes usually require addition of components to enhance their in vivo stability after exposure to blood components. For example, hydrophobic cholesterol, nonionic surfactants, or PEG have been used to increase the physical stability of cationic lipid-based liposomes under such conditions.[@b58-ijn-9-1833] It has been reported that such stability-enhanced liposomes have much better transfection efficiency, especially under in vivo conditions.[@b60-ijn-9-1833] Despite these drawbacks, liposomes are very promising systems for nonviral gene delivery. In fact, several liposome-based vectors have been assayed in clinical trials. For example, Allovectin-7^®^ (Vical, San Diego, CA, USA), a plasmid DNA carrying major histocompatibility complex, class 1, B (HLA-B) and ß2-microglobulin genes complexed with 1,2-dimyristyloxy-propyl-3-dimethyl-hydroxy ethyl ammonium bromide/dioleoylphosphatidylethanolamine (DMRIE/DOPE) liposomes, has been assessed for safety and efficacy in Phase I and II clinical trials.[@b61-ijn-9-1833],[@b62-ijn-9-1833] However, further research is necessary to improve their shape, size, cytotoxicity, efficiency, and biocompatibility, which may yield an effective method of gene delivery in the future.

Nanoemulsions
-------------

Nanoemulsions are thermodynamically stable isotropic systems in which two immiscible liquids (water and oil) are mixed to form a single phase by means of appropriate surfactants, with a droplet diameter in the approximate range of 0.5--100 μm.[@b63-ijn-9-1833] Depending on the nature of the core, ie, water or oil, the emulsions can be water-in-oil or oil-in-water systems, respectively. Since a nanoemulsion is a stable isotropic system, careful balance of the three phases is essential to achieve a thermodynamically stable state. Nanoemulsions often have a negatively surfaced charge, so are not suitable for gene therapy. However, by using cationic surfactants or cationic lipids, it is possible to prepare cationic nanoemulsions. The extent of the electrostatic interaction between the nucleic acid and the nanoemulsion depends on the cationic lipid (nature of the cationic polar head group and the acyl chains) and the nucleic acid structures (lengths and base composition).[@b64-ijn-9-1833] Stearylamine, 1,2-dioleoyl-sn-glycero-3-trimethylammonium-propane (DOTAP), and 3β-\[N-(N′,N′-dimethylaminoethane)-carbamoyl\]cholesterol (DC-cholesterol) are examples of cationic surfactants used to prepare cationic nanoemulsions able to interact electrostatically with negatively charged nucleic acids.[@b63-ijn-9-1833] Nevertheless, these cationic surfactants were also noted to exhibit toxicity. New cationic lipids, which have an aspartate or glutamate backbone, a lysine head-group, and two alkyl tails, yield efficient gene expression with lower cytotoxicity. In addition, amino acid-modified fatty acids, which mimic natural lipoamino acids, have been developed. For example, lauroyl-arginine methyl ester was reported to be a cationic surfactant with rich self-aggregation properties, biodegradability, and low toxicity, and can be used in food, pharmaceutical, and cosmetic applications.[@b65-ijn-9-1833] The colipid DOPE is extensively used because of its fusogenic properties to improve the ability of emulsions and cationic liposomes to transfect cells.[@b66-ijn-9-1833] This is partially explained by the fact that the amine group of DOPE interacts with DNA phosphate groups, thus weakening the binding affinity between cationic lipids and DNA.

Cationic nanoemulsions have been described as a promising strategy to improve transfection of nucleic acids to mammalian cells, protecting them against nuclease attack. For instance, Bruxel et al[@b67-ijn-9-1833] prepared a cationic nanoemulsion with DOTAP as a delivery system for antisense oligonucleotides targeting malarial topoisomerase II. The physical characteristics and serum-resistant properties of the nanoemulsion complexes indicate that cationic nanoemulsions could be a more efficient carrier system for nucleic acids and/or immunogene delivery than liposomes.[@b66-ijn-9-1833] The fact that transfection is efficient in the presence of serum is an important advantage. One of the reasons for the serum-resistant properties of the cationic lipid nanoemulsion may be the stability of the nanoemulsion/nucleic acid complex. In several in vivo studies, cationic nanoemulsions were found to be more suitable for gene delivery than liposomes because of the higher transfection and lower toxicity. Compared with liposomes, emulsions also have the advantages of easy processing and low production costs.[@b68-ijn-9-1833] Additionally, large-scale production of emulsions can be performed in a cost-effective and simple way using high-pressure homogenization.[@b69-ijn-9-1833]

The introduction of nonionic surfactants with a branched PEG head group, such as Tween 80^®^, increments nanoemulsion stability, probably because of their steric hindrance and generation of a hydrophilic surface, which prevents physical aggregation of the nucleic acid/nanoemulsion complexes. Moreover, due to their hydrophilicity and lack of aggregates, emulsions decorated with PEG avoid protein adsorption. Therefore, incorporation of PEG derivatives into the cationic lipid nanoemulsions may prevent them from enzymatic degradation, resulting in prolonged circulation in the blood. Further, nanoemulsions with a hydrophilic surfactant are taken up slowly by phagocytic cells.[@b66-ijn-9-1833]

In spite of the advantages of nanoemulsions for the delivery of nucleic acids, only a few attempts have been made to use this new delivery system for RNA, and all of them have been made with RNAi. For instance, Kaneda et al[@b70-ijn-9-1833] showed the potential application of cationic nanoemulsion prepared with DOTAP, DOPE, and cholesterol for delivery of small interfering RNA. Transfection complexes with a mean particle diameter of approximately 300 nm were able to suppress expression of upregulated vascular adhesion molecules by endothelial cells. To the best of our knowledge, no studies with mRNA or self-amplifying RNA have been published.

Solid lipid nanoparticles
-------------------------

Solid lipid nanoparticles (SLN) comprise a variety of systems with a particle diameter of 50--1,000 nm. They are colloidal particles made up of a relatively rigid biocompatible and biodegradable matrix of hydrophobic lipids that are solid at room and body temperatures. SLN were developed in the early 1990s in an attempt to combine the advantages of solid particles, emulsions, and liposomes. On the one hand, solid particles protect their incorporated active compounds and are more flexible in modulating the release of these compounds. On the other hand, as with liposomes and emulsions, they are composed of nontoxic excipients, and their large-scale production may be easily accomplished.[@b71-ijn-9-1833] SLN can be prepared by using high-pressure homogenization, so use of organic solvents is avoided; this is an important advantage from the point of view of industrial production.[@b72-ijn-9-1833] Moreover, SLN possess very good stability,[@b73-ijn-9-1833] and they can be lyophilized.[@b74-ijn-9-1833] In a previous study reported by our group,[@b75-ijn-9-1833] we showed long permanence of the lipid nanocarriers in blood and tissues after intravenous administration to rats. The particle size, surface charge, and surfactant content of the nanoparticles affected their tissue biodistribution profile.

Although SLN have undergone constant development over recent years as drug delivery systems, there is not much literature concerning their application in gene therapy. However, their capacity to transfect different cell lines has been demonstrated in vitro[@b76-ijn-9-1833],[@b77-ijn-9-1833] and in vivo.[@b78-ijn-9-1833],[@b79-ijn-9-1833] Their ability to condense and protect genetic material, and their efficiency when entering cells, and once inside, to release DNA or RNA, make this nanoparticulate system an interesting vector for gene therapy.[@b80-ijn-9-1833],[@b81-ijn-9-1833] The suitability of SLN for gene therapy depends on the ratio between the nanoparticles and the nucleic acid; an equilibrium between the binding forces to achieve protection without hampering posterior release at the site of action is necessary.[@b82-ijn-9-1833] [Figure 2](#f2-ijn-9-1833){ref-type="fig"} shows an SLN prepared by our group using Precirol^®^ ATO5 as the solid lipid and DOTAP and Tween as surfactants. This image was captured by atomic force microscopy.

After intravenous administration, positively charged nanoparticles interact with negatively charged serum proteins, forming aggregates that accumulate mainly in the lungs, liver, and spleen.[@b83-ijn-9-1833] In order to avoid this problem, as with liposomes and emulsions, significant advances have been seen in the development of different types of PEG-grafted SLN.[@b43-ijn-9-1833] The hydrophilic nature of PEG provides an aqueous shield around the nanoparticle surface, thus decreasing the extent of opsonization and subsequent recognition by macrophages of the mononuclear phagocytic system, that ultimately leads to an increase in nanoparticle blood residence time.[@b43-ijn-9-1833] PEG has been used extensively by the pharmaceutical industry to improve the pharmacokinetic properties of different therapeutic agents and drug nanocarriers. In order to prolong circulation of the nanoparticles in blood, other strategies can be considered. For instance, in a previous study, SLN were prepared with dextran and protamine, and their in vivo transfection capacity improved.[@b78-ijn-9-1833] The improved transfection profile was explained by the presence of negatively charged dextran on the nanoparticle surface. This polyanion-biocompatible polysaccharide hampers strong interactions with other components such as serum proteins,[@b84-ijn-9-1833] so may induce a longer circulation time of the vector in blood. Moreover, the high condensation of the nucleic acid due to protamine, which contributes to nuclease resistance, may also result in an extended stay of the plasmid in the organism. Peptides may also favor other limiting steps for transfection, such as cellular internalization. For instance, SLN can incorporate cell-penetrating peptides, such as the dimeric HIV-1 transactivator of transcription (TAT) peptide[@b85-ijn-9-1833] or the synthetic sweet arrow peptide.[@b86-ijn-9-1833]

Cationic SLN produced by microemulsion with Compritol^®^ ATO 888 as matrix lipid, Pluronic^®^ F68 as surfactant, and dimethyldioctadecylammonium bromide as cationic lipid were able to protect mRNA against enzymatic degradation. Moreover, toxicity studies in a living organism (eggs of the sea urchin *Paracentrotus lividus*, an organism very sensitive to a number of chemical and environmental agents) revealed that SLN allows normal embryonic development, high viability, a regular cell cycle, and correct morphogenesis. The authors observed correct biodistribution of the RNA, suggesting that the complexes allow an efficient transfer of mRNA into the cell, thus maintaining its functionality.[@b87-ijn-9-1833]

Conclusion
==========

Vaccines based on nucleic acids (both DNA and RNA) have been broadly investigated for several years, but have not yet resulted in a commercial product for human use. Self-amplifying RNA vaccines have been shown to induce both humoral and cellular immune responses. However, their clinical application depends on the delivery system. Ideally, the delivery vectors should be specific, effective, long-lasting, and safe. Lipid nanoparticles, including liposomes and SLN, are two of the most promising delivery systems for self-amplifying RNA vaccines due to their biocompatibility and the ease of large-scale production. Therefore, this approach could provide a potential generic platform for rapid development of potent and versatile vaccines.
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![Scheme showing a self-amplifying RNA derived from an alphavirus in which structural genes have been replaced by the gene of interest.](ijn-9-1833Fig1){#f1-ijn-9-1833}

![Photograph of solid lipid nanoparticles captured by atomic force microscopy.\
**Note:** The image was captured in tapping mode using a cantilever of silicon rotated tapping etched silicon probe type with a resonance frequency of about 300 kHz.](ijn-9-1833Fig2){#f2-ijn-9-1833}

###### 

Diseases potentially treated with RNA vaccines

  Disease                              RNA                          Type of vector        Reference
  ------------------------------------ ---------------------------- --------------------- -------------------
  Favivirus                            Self-replicating viral RNA   Gene gun              [@b88-ijn-9-1833]
  Allergy                              mRNA                         Naked                 [@b89-ijn-9-1833]
  Avian influenza virus                Self-amplifying RNA          Naked                 [@b90-ijn-9-1833]
  Cancer                               mRNA                         Naked                 [@b30-ijn-9-1833]
  Cancer                               mRNA                         Naked                 [@b16-ijn-9-1833]
  Cancer                               mRNA                         Gene gun              [@b91-ijn-9-1833]
  Cytomegalovirus                      Self-amplifying RNA          Naked                 [@b38-ijn-9-1833]
  Hepatitis C                          mRNA                         Electroporation       [@b92-ijn-9-1833]
  HIV                                  mRNA                         Lipid nanoparticles   [@b17-ijn-9-1833]
  H7N9 influenza                       Self-amplifying RNA          Lipid nanoparticles   [@b25-ijn-9-1833]
  Influenza A/Puerto Rico/8/34 virus   dsRNA                        Naked                 [@b20-ijn-9-1833]
  Influenza virus                      mRNA                         Liposomes             [@b9-ijn-9-1833]
  Measles                              Self-amplifying RNA          Naked                 [@b93-ijn-9-1833]
  Respiratory syncytial virus          Self-amplifying RNA          Liposomes             [@b57-ijn-9-1833]

**Abbreviations:** mRNA, messenger ribonucleic acid; dsRNA, double-stranded ribonucleic acid.
